INTRODUCTION
High-power, narrow-spectrum, tunable GaN lasers emitting from violet to blue range are attractive for many applications, such as highresolution spectroscopy, holographic data storage, laser cooling, and deep ultraviolet generation by second harmonic generation [1] [2] [3] [4] [5] . Since the first demonstration of room-temperature continuous-wave GaNbased violet diode lasers by Nakamura et al around two decades ago [6] , great progress has been achieved on the GaN based diode lasers. Today, high-power GaN diode lasers with continuous-wave output power of a few watts are commercially available [7, 8] . But the spectral bandwidth of these high-power devices is around 1.0 nm, and this broad emission bandwidth limits the usage of these devices in the applications mentioned above.
Different techniques have been applied to achieve narrow-linewidth, tunable GaN laser diodes, among them external-cavity feedback technique is one of the main approaches to improve the spectral quality of the GaN diode laser. An external-cavity diode laser system with output power up to 3.5 mW at 392 nm was demonstrated by Conroy et al. in 2000, with a 2.7 nm tunable range of the diode laser system [9] . Using an anti-reflection-coated InGaN device, a violet external-cavity diode laser system with a tunable range of 6.3 nm centered at 398 nm was achieved [10] . Around 410 nm, an external-cavity diode laser system with an output power of 30 mW and a tuning range of 4 nm was demonstrated in 2003 [1] . Hult et al. showed a 450 nm extended-cavity diode laser with a maximum output power of 0.9 mW, where the laser system had a mode-hop-free tuning range of 110 GHz [11] . A narrowlinewidth external-cavity diode laser system was achieved around 405 nm in 2007, with an output power of around 80 mW [3] . Another 405 nm external-cavity diode laser was demonstrated by Lv et al. in 2013, with an output power of the laser around 1 mW and with a tuning range around 4.5 nm [12] . Recently, Ruhnke et al. reported an external-cavity diode laser at 445 nm, where a maximum output power of 400 mW was obtained, and the tuning range was around 3 nm [13] . This externalcavity diode laser system was used as a pump source to generate deep violet radiation at 222.5 nm [5] . All the diode devices applied previously [1, 3, [9] [10] [11] [12] were narrow-stripe single lateral mode diode laser other than in Ref. [13] , where a multi-lateral mode device was used.
In this paper, based on a high-power GaN diode laser in a Littrow external-cavity, we demonstrate a tunable high-power narrowspectrum diode laser system around 455 nm. Two gratings, a holographic diffraction grating and a ruled diffraction grating are used in the external cavity. When the holographic grating is used, the laser system can be tuned over ranges of 3.1, 2.8, 2.4 and 1.4 nm with injected currents of 0.2, 0.3, 0.45 and 0.6 A respectively. The output powers are around 85, 200, 360 and 530 mW with the four injected currents. When the ruled grating is used, the laser system can be tuned over ranges of 6.0, 5.5 and 4.0 nm with injected currents of 0.3, 0.6 and 0.9 A respectively. The output powers are around 85, 220, and 340 mW with the three injected currents. The emission spectral bandwidth is less than 0.07 nm throughout the tuning ranges for both gratings. The results show, that the laser system has a higher efficiency and a narrower bandwidth when the holographic grating is used. However, the tunable range is much wider when the ruled grating is used.
EXPERIMENTAL SETUP
The Littrow external-cavity configuration is one of the core externalcavity configurations applied to achieve tunable narrow-linewidth diode laser emission due to its compactness and simplicity compared with other external-cavity configurations such as the Littman externalcavity [14, 15] . In the Littrow external-cavity geometry, the laser beam from one facet of a diode laser is collimated and incident on a diffraction grating mounted in Littrow configuration. The first-order diffracted beam from the grating is directed back into the diode laser, thus an external-cavity is formed between the grating and another facet of the laser. The zeroth-order diffracted beam or the beam from another facet of the laser is the output from the external cavity diode laser. Tuning of the external-cavity diode laser is achieved by rotating the diffraction grating. The Littrow external-cavity feedback technique has been applied to achieve tunable narrow-linewidth diode laser from the violet to the infrared spectral range [9-13, 16,17] . The external-cavity geometry employed in our experiment is depicted in Fig. 1 . The GaN laser diode (DTR laser shop, M462) used in the experiment is a 2 W broad-area diode laser emitting around 455 nm. The laser beam is TE-polarized, i.e., the polarization direction of the laser beam is parallel to the active region of the laser. The laser beam from the front facet is collimated by an aspherical lens of 4.0 mm focal length with a numerical aperture of 0.6. The collimated beam is incident on a bulk diffraction grating, the grating is mounted in Littrow configuration and oriented with the lines in the grating parallel to the polarization direction of the laser beam. Two different bulk diffraction gratings are used in our experiment, one is a holographic diffraction grating with a groove density of 2400 lines/mm (Thorlabs, GH13-24U), while the other is a ruled diffraction grating which is ruled with 1800 lines/mm and has a blaze wavelength of 500 nm (Thorlabs, GR13-1850). The zeroth-order and first-order diffraction efficiencies are 29.6% and 53.5% for the ruled grating, and 78.8% and 8.3% for the holographic grating. The scattered noise of the holographic grating is less than the ruled grating, but the difference is not significant. The length of the external cavity is around 110 mm. A beam splitter is inserted in the external cavity, and reflects part of the beam as a diagnostic beam, in which the spectral bandwidth and tunability of the laser system are measured. The zeroth-order diffracted beam of the grating is the output beam of the external-cavity diode laser system. The output power of the diode laser system is measured in this beam. The diode laser is operated at ambient temperature.
RESULTS
First, the freely running laser device is characterized. The power/current characteristics of the freely running diode laser is measured and shown in Fig. 2 . The threshold current of the laser device is around 0.12 A, and the slope efficiency is around 1.62 W/A , 2 W output power is obtained with an injected current of around 1.4 A. The spectrum of the GaN laser device is measured in freely running condition by a spectrum analyzer (Advantest Corp. Q8347). A typical measured result with an injected current of 0.6 A is shown in Fig. 3 . The diode laser is operating in multiple Fabry-Perot (FP) modes. The optical spectrum is centered at 456 nm, and the spectral bandwidth is around 1.2 nm (the resolution of the spectrum analyzer is 5 pm). The free spectral range of the FP laser resonator is around 28.5 pm. This corresponds to a cavity length of around 1.5 mm based on the value of the refractive index of GaN at 455 nm [18] . The tunability of the external-cavity diode laser system is characterized by measuring the optical spectrum of the output beam at different wavelengths with the same spectrum analyzer. Fig. 4 shows the measured spectra of the external-cavity diode laser system with output power around 85 mW with both diffraction gratings. Seven normalized spectra from 453.4 to 456.5 nm are shown in Fig. 4 (a) for the diode laser system with the holographic diffraction grating at an injected current of 0.2 A. The spectral bandwidth (FWHM) is around 9 pm in the 3.1 nm tunable range, much less than the 28.5 pm free spectral range of the FP laser resonator, meaning that the laser operates in a single longitudinal FP mode. Fig. 4 (b) shows eight normalized spectra from 452.8 to 458.8 nm for the external-cavity diode laser system with the ruled diffraction grating at an injected current of 0.3 A. The spectral bandwidth is less than 20 pm for wavelengths longer than 456 nm in the 6.0 nm tunable range ( Fig. 7 (b) ), i.e., single longitudinal mode oscillation occurs. For shorter wavelengths, the spectral bandwidth is less than 42 pm ( Fig. 7 (b) ), i.e., two longitudinal modes of the FP diode device oscillate simultaneously. The amplified spontaneous emission (ASE) is more than 20 dB suppressed in the tunable ranges for both diffraction gratings. If we operate the laser system outside of the tunable ranges, the freely running emission around 455.5 nm appears and dominates the laser output, due to the selected wavelength being far from the gain center of the active medium of the laser device and that no AR coating is applied to the diode laser to suppress lasing under freely running conditions. Fig. 5(a) shows an ASE suppression of more than 24 dB in the tunable range; Fig. 5(b) shows suppression of ASE of more than 20 dB in the tunable range except at 459.0 nm (purple curve in Fig. 5(b) ), where the freely running emission weakly appears around 456 nm and the main peak is around 17 dB higher than the freely running emission. Figure 6 shows the tunability of the external-cavity diode laser with output power around 350 mW. When the holographic grating is used, the diode laser system is tunable from 454.1 to 456.5 nm with an injected current of 0.45 A. Here, the spectral bandwidth is around 35 pm in the 2.4 nm tunable range and the ASE is more than 24 dB suppressed in the tunable range. When the ruled grating is used, the diode laser is tunable from 455.3 to 459.4 nm with an injected current of 0.9 A and the ASE is more than 18 dB suppressed in the 4.1 nm tunable range. The spectral bandwidth is less than 70 pm according to the definition of FWHM, but as shown in Fig. 6 (b) , side peaks appear in the optical spectrum in some cases.
Using the ruled grating, a further increase of the injected current increases the spectral bandwidth to a few hundred picometres, and two peaks are present in the optical spectrum. With the holographic grating, the operating current can be further increased to 0.6 A, where the diode laser can be tuned from 455.0 to 456.4 nm with an output power around 530 mW. The spectral bandwidth is around 63 pm in the 1.4 nm tunable range, and the ASE is more than 20 dB suppressed. Further increase of the operating current also increases the spectral bandwidth to a few hundred picometres for the external-cavity diode laser with the holographic grating.
With the two bulk diffraction gratings, the output power of the diode laser system at different wavelengths is measured and the results are shown in Fig. 7(a) . With the holographic grating, the maximum output powers are 85, 198, 368 and 531 mW with injected currents of 0.2, 0.3, 0.45 and 0.6 A, respecively. With the ruled grating, the maximum output powers are 90, 222 and 340 mW with injected currents of 0.3, 0.6 and 0.9 A, respectively. The output power is relatively constant in the tunable range at each injected current for both diffraction gratings. The figure also shows a redshift of the position of the peak power with an increase of the injected current. The reason is the redshift of the gain center of the gain medium with the increasing inject current and increased thermal load [11] . We also note that the redshift is more pronounced when using the ruled grating as the operating current and thus the thermal load is higher at comparable output power. In order to compare the efficiency of the external-cavity diode laser system with different diffraction gratings, the maximum powers at each injected current for both diffraction gratings are included in Fig. 2 . The efficiency of the diode laser system with the holographic grating is much higher than that of the laser system using the ruled grating. At the maximum output power with both gratings, i.e., 531 mW at the injected current of 0.6 A for the holographic grating and 340 mW at the injected current of 0.9 A for the ruled grating, 67.7% and 27.1% of the output power of the freely running laser diode is extracted in the externalcavity diode laser system for the two gratings individually. This includes the additional loss of the inserted beam splitter. The main reason for this difference is the higher diffraction efficiency of the ruled grating limiting the output power.
The spectral bandwidth at each wavelength and injected current is shown in Fig. 7 (b) for both diffraction gratings. When the output power is comparable for both diffraction gratings, the spectral bandwidth obtained with the holographic grating is narrower than that obtained with the ruled grating, especially when the output power is low. The spectral bandwidth is less than 70 pm throughout the tunable ranges at all injected currents for both diffraction gratings.
Here we should mention that the diode laser applied in our experiment is a broad-area, multi-lateral mode diode laser. A far-field profile with multi peaks is observed, and the profile is almost unchanged by the external-cavity feedback. Table 1 shows the tunable range and output power of external-cavity GaN diode laser published previously, and the results of this paper. In the present work, with an injected current of 0.3 A, a 6 nm tunable range is obtained with an output power around 85 mW when the ruled grating is applied in the external-cavity diode laser. This tunable range is comparable with a 6.3 nm tuning range achieved with an antireflection-coated InGaN laser diode [10] , but the output power of the latter laser system was only a few mW. Using an antireflectioncoated GaN laser diode, Hildebrandt et al. achieved an external-cavity diode laser with a tunable range of 4 nm and an output power of 30 mW [1] . With a holographic grating, a 400 mW output power was obtained from an external-cavity diode laser system around 445 nm [13] . When the holographic grating is used, a 530 mW output power is achieved in the present laser system. We believe a wider tunable range and higher output power can be obtained if an antireflection coating is applied to our diode laser. Comparing the results obtained with the two diffraction gratings, the external-cavity diode laser system with the holographic grating has narrower spectral bandwidth and larger suppression of ASE when the output power of the diode laser system with the two gratings are comparable. A possible reason is that the holographic grating has a larger groove density compared with the ruled grating, i.e., 2400 lines/mm for the holographic grating vs 1800 lines/mm for the ruled grating, meaning that the holographic grating has a higher spectral resolution. Furthermore, the laser is operated at lower currents using the holographic grating further suppressing the freely running operation of the diode laser.
DISCUSSION
The efficiency of the diode laser system with the holographic grating is much higher than that of the diode laser system with the ruled grating, due to the fact that the holographic grating has a much higher zerothorder diffraction efficiency compared with the ruled grating, i.e., 78.8% for the holographic grating vs 29.6% for the ruled grating. The tunable range of the diode laser system with the ruled grating is around two times that of the diode laser system with the holographic grating when the output power of the diode laser system is comparable. The reason is that the ruled grating has a much higher first-order diffraction efficiency (53.5%) compared with the holographic grating (8.3%), and the higher the feedback strength from the grating, the more effective the suppression of the freely running lasing modes. Thus there is a compromise between the output power and tunable range of the external-cavity diode laser since the sum of the zeroth-order and firstorder diffraction efficiencies is around unity.
To understand the compromise between the tunable range and output power further, theoretical analysis based on rate equation of diode laser is needed. The rate equations describing the carrier density N and photon density Nph in the diode laser cavity are given as [1, 19] :
where j is the inject current density, ηi is the internal efficiency, q is the elementary charge of an electron, d is the thickness of the active region, τ is the carrier lifetime, is the group velocity of the photons, g(N) is the material gain, Г is the confinement factor, τph is the photon lifetime, αm is the mirror loss, K is the feedback strength of the grating (the firstorder diffraction efficiency in our case, here the other loss in the cavity is neglected.), t0 is the time delay of the laser light running in the external cavity. In particular 1/τph = (αi +αm), where αi is the internal loss; and the gain g(N)= gN(N-Ntr), gN is the differential gain coefficient and Ntr is the transparency carrier density. When the diode laser system is steady-state operated, rearrange the Eq. (1) and (2), we obtain:
Eq. (4) shows the effect of the feedback is to reduce the mirror loss from αm to (1-K)αm.
The steady-state solution of Eq. (3) and (4) can be obtained as:
where Nth(0) is the threshold carrier density without feedback, and ℎ (0) = ℎ (0)⁄ is the threshold current density without feedback. Eq. (6) shows the threshold carrier density ℎ ( ) is decreased with the feedback strength K. The photon density increases with the feedback strength K. In our experiment, when we rotate the grating further to operate the laser system outside of the tunable ranges, the freely running emission appears and dominates the laser output, this means the competition of the freely running lasing at the gain center λ0 and the lasing at wavelength λ (with a distance from the gain center) with feedback determines the tunable range of the external cavity diode laser system. Fig. 8 shows a schematic diagram of the gain and the threshold of the diode laser system, the grating feedback profile is also shown. The grating feedback decreases the threshold current density at λ from ℎ ( , 0) to ℎ ( , ). When ℎ ( , ) is less than the freely running threshold current density at λ0, i.e., ℎ ( 0 , 0), the laser system lases at λ, and vise versa. Since the decrease of the threshold current density by the feedback is proportional to K, a higher value of K cause a wider tunable range of the external-cavity diode laser system.
The output power P of an external-cavity diode laser system can be expressed as:
The slope efficiency of the laser system decreases with the feedback strength K due to the last term in Eq. (8). Thus the output power decreases with K, when the laser system is operated far above the threshold; although the threshold of the laser system also decreases with the feedback strength K.
This above analysis is consistent with our experimental observation, where the laser system with the ruled grating has a much wider tunable range but less output power compared with the laser system with the holographic grating. In Ref. [9] , an output power of 3.5 mW with a tunable range of 1.3 nm was achieved with a grating of 30% first-order diffraction efficiency; an output power of 1.5 mW with a tunable range of 2.7 nm was achieved with a grating of 55% first-order diffraction efficiency. In Ref. [10] , a 6.3 nm tunable range was obtained when the first-order diffraction efficiency of the grating is 76%; and a 4.8 nm tunable range was obtained when the first-order diffraction efficiency of the grating is 46%. All these experimental results support the theoretical analysis above. From the above analysis, we can conclude that the compromise between the output power and tunable range of the external-cavity diode laser is a general condition, and irrelevant to the geometry of the external-cavity.
The experimental results obtained in this paper and previously and the theoretical analysis provide a general guide on selection of grating for external-cavity diode laser systems. Two main parameters of a diffraction grating have to be considered when a grating is chosen to construct an external-cavity diode laser: the groove density and the first-order diffraction efficiency. A larger groove density grating will give a narrower spectral bandwidth and a higher suppression of ASE compared with a grating with small groove density. If a wider tunable range of a laser system is the high priority, a grating with higher firstorder diffraction efficiency should be selected. If a higher output power of a laser system is prioritized, a grating with low first-order diffraction efficiency should be selected. Thus there is a compromise between the tuning range and the output power of an external-cavity diode laser system, and this is the main consideration for selecting a diffraction grating to build an external-cavity diode laser system.
CONCLUSION
Based on a 455 nm GaN diode laser and external-cavity grating feedback, a tunable, narrow-bandwidth, high-power diode laser system is achieved with a holographic grating and a ruled grating. The output power, efficiency, spectral bandwidth and tunable range of the external cavity diode laser system are measured and compared using the two different diffraction gratings at different injected currents. The diode laser system can be tuned over a range of 1.4 nm with an output power around 530 mW, when the holographic grating is used. An 80 mW output power in a tunable range of 6 nm is obtained from the diode laser system with the ruled grating. The comparison of the results obtained with these two gratings provides a guide for selecting gratings for external-cavity diode laser systems for different requirements. The output power and tuning range can be improved further if an antireflection coating is applied to the front facet of the GaN diode laser.
